ABSTRACT: The occurrence of warm (cold) events in winter has increased (decreased) over large areas of Europe in a recent-past period . These trends follow asymmetrical patterns and are detected in both maximum and minimum temperatures. It is shown that these trends can be partially explained by changes in the strength of wintertime large-scale forcing. The North Atlantic Oscillation (NAO) forcing is by far the leading coupling between the large-scale atmospheric circulation and frequencies of occurrence of temperature extremes. In fact, their occurrence is strongly connected to NAO-driven anomalies in geopotential, vorticity and temperature advections. As the third generation of the Hadley Centre global coupled models (HadCM3) is skilful in reproducing currently observed major couplings, it was used as a tool for assessing how, and to what extent, these couplings are projected to change under human-induced climate change. A strong wintertime warming is projected to occur under the B2 and A2 scenarios from the Special Report on Emission Scenarios (SRES), particularly over northeastern Europe and in the A2 scenario. An overall increase (decrease) in the occurrence of warm (cold) events is also projected to occur in future scenarios, mainly due to the increase in mean temperatures (changes in variance are generally irrelevant). An eastward extension of the southern centre-of-action of the NAO towards the Mediterranean Basin is also projected to occur by the end of this century , yielding significant changes in the local/regional relationships between the occurrence of temperature extremes and this 'modified NAO'. Furthermore, projected changes in the surface large-scale forcing are associated with vertically coherent changes in the Northern Annular Mode in response to human-induced changes in radiative forcing.
INTRODUCTION
Temperature extremes are usually very perceptible and can cause severe impacts on a wide range of human activities and natural systems. Their study is thus particularly meaningful when assessing and modelling the impacts of climate change. In addition, alterations in the occurrence of extremes are, in fact, more relevant than changes in means, since natural hazards, such as floods, landslides, droughts, heat waves and cold spells are often associated with high frequencies of occurrence of extreme events. Consequently, when modelling climatic impacts, changes in the frequencies of occurrence of temperature extremes acquire more relevance than changes in mean temperatures.
The repeated occurrence of record-breaking temperatures over the last 3 decades was not entirely independent of the gradual increase in mean air temperatures over Europe (Jones & Moberg 2003 , Thorne et al. 2003 , Luterbacher et al. 2004 . However, it is strongly believed that changes in the variability of temperature distributions might also play a significant role in triggering these extreme events (Schar et al. 2004 ). The combined effect of these 2 factors can lead to dramatic changes in the frequencies of occurrence of extremes. The 2003 heat wave is a recent example of an outstanding extreme episode (e.g. Beniston 2004 , Black et al. 2004 , Fink et al. 2004 ) that also provided evidence of changes in the variability of temperature distributions (Schar et al. 2004) .
Temperature extremes have been defined according to a relatively large number of parametric and nonparametric indices, and the corresponding observed trends have been extensively analyzed in previous studies (e.g. Tank & Konnen 2003) . In the present study, however, the forcing of large-scale atmospheric circulation over the occurrence of temperature extremes in Europe is analyzed by isolating the respective modes of coupled variability. These modes disclose the main large-scale mechanisms governing the occurrence of temperature extremes in Europe. Despite the existence of many other important controlling mechanisms -such as local or regional atmospheric processes or processes related to surface fluxes of energy, momentum and mass -this study focuses solely on large-scale forcings.
The North Atlantic Oscillation (NAO), which is characterized by a pressure pattern with one 'centreof-action' (COA) located over the Iceland region and another, of opposite sign, located near the Azores (Hurrell 1996 , Hurrell et al. 2001 , may play a leading role in the occurrence of temperature extremes in Europe. In fact, the NAO governs anomalies in wintertime temperature across the continent (Trigo et al. 2002) . The leading orthogonal mode of the surface air temperature over Europe also reflects the response of the temperature field to NAO forcing (Pozo-Vázquez et al. 2001) .
Since large-scale atmospheric variability within the Euro-Atlantic sector is reliably reproduced by the most recent global climate models (Corte-Real et al. 1995a , Osborn et al. 1999 , Collins et al. 2001 ), they might also be able to reliably reproduce the aforementioned large-scale couplings. If the latter assumption is verified, these models can be used to assess potential changes in the large-scale couplings under a future modified climate. This information can then be used as a guideline for the development of appropriate adaptation and mitigation strategies. Although important levels of uncertainty are still present in numerical experiments on climate extremes, climate models remain the most useful tool in the detection of humaninduced climate change.
The third generation of the Hadley Centre coupled model (HadCM3) has been widely used in the detection of human-induced climate change signals (e.g. Johns et al. 2003 , Thorne et al. 2003 , Leckebubusch & Ulbrich 2004 , Schar et al. 2004 ) and is also employed in the present study. Climate change signals in HadCM3 are based on emission scenarios from the Special Report on Emission Scenarios (SRES; Nakicenovic et al. 2000) , prepared for the Third Assessment Report of the Intergovernmental Panel on Climate Change (Houghton et al. 2001) . These scenarios correspond to specific emission pathways that are in turn linked to divergent storylines of socio-economic development and environmental sustainability. Carbon dioxide concentrations are expected to be of about 850 parts per million by volume (ppmv) in the A2 SRES scenario and 600 ppmv in the B2 SRES scenario by the year 2100. Thus in the A2 scenario, the carbon dioxide concentration more than doubles against the 1990 concentration (370 ppmv). These 2 scenarios therefore provide a wide range of likely potential changes, with climatic changes under A2 expected to be more pronounced than under B2.
As large-scale atmospheric forcing over the summer temperature in Europe is generally very weak -the NAO and weather systems are much weaker than in winter (Barnston & Livezey 1987 ) -the present study focuses only on winter months (December-February; DJF). Section 2 describes data and methodology. Section 3 presents the results in 4 subsections. The observed trends in the indices of extremes are described in the first subsection. The observed and simulated couplings are analyzed in the next 2 subsections, and projected changes in the Northern Annular Mode are discussed in the last subsection. Finally, a summary of the main conclusions is provided in Section 4.
DATA AND METHODS

Climate variables and datasets
The surface atmospheric flow is monitored by daily mean sea level pressure (MSLP) within a wide EuroAtlantic sector (20 to 85°N, 60°W to 56.25°E), whereas maximum and minimum temperatures, 2 m above the ground (herein referred to as Tmax and Tmin), over Europe are defined in the following narrower window: 30 to 75°N, 15°W to 41.25°E. The geopotential heights, eastward and northward wind components and temperatures at 850, 500 and 50 hPa are also used. All the previous variables were provided by the National Centers for Environmental Prediction/National Center of Atmospheric Research (NCEP/NCAR) reanalyses project (Kalnay et al. 1996) for the recent-past reference period ; this is the standard period for calculating 'climatic normals' and is indeed the recom-mended reference period when evaluating climate change (WMO 1996) . With the exception of Tmax and Tmin, all other variables are defined in a 2.5°latitude × 2.5°longitude grid. Both near-surface temperatures are defined over a finer-scale T62 Gaussian grid (approximately a 1.9°latitude × 1.875°longitude grid).
Although the MSLP fields largely reflect the observed data (showing little dependence on model parameterizations) (Kalnay et al. 1996) and are generally reliable reproductions of the observed fields (Reid et al. 2001) , the choice of a trustworthy and appropriate near-surface temperature dataset is more complex. Despite daily station data being a valuable source of information on surface atmospheric conditions, these data are not physically coherent and comprise many types of inhomogeneities, which cannot be alleviated by homogenization techniques (Wijngaard et al. 2003) . Furthermore, gridded data must be used rather than station data for an appropriate validation of a numerical model (Corte-Real et al. 1995b , New et al. 2001 , Kiktev et al. 2003 . Still, the most reliable station-based gridded datasets are not available on a daily scale (e.g. Hulme et al. 1998) , hampering the identification of extremes on a daily basis. Although Tmax and Tmin in the NCEP/NCAR reanalyses are significantly dependent on numerical parameterizations (Kalnay et al. 1996) , they still remain suitable for the detection of large-scale couplings and for the subsequent validation of HadCM3. This is mainly due to the fact that this study focuses on large-scale patterns rather than on small-scale details.
All HadCM3 data are defined in a 2.5°latitude × 3.75°longitude grid and were extracted within the following periods: (common period to all scenarios in the perturbed model run) and 2070-2099 (future period). The recent-past period is based on historically recorded emissions and the future period on the B2 and A2 SRES emission scenarios. Lastly, the NAO is quantified by a 2-station index computed as the difference between the normalized pressures recorded at Gibraltar (36.1°N, 5.4°W) and in southwest Iceland (64.1°N, 22.9°W) (Jones et al. 1997) . This index will hereafter be called the GI index and its time series was supplied by the Climatic Research Unit (CRU) at the University of East Anglia (www.cru.uea.ac.uk).
Indices of extremes and multivariate approach
The temperature extremes are defined by nonparametric indices that correspond to the percentage of days in each month with Tmin/Tmax above or below a specified threshold. Accordingly, the 90th and 10th percentile thresholds of the empirical distributions of daily variables, calculated for the full time period and for each gridbox separately, are used. These quantile levels are indeed feasible thresholds to define, from a statistical viewpoint (Houghton et al. 2001) , the domains of extreme episodes. Therefore, the time series of the percentages of days in each month and for each gridbox with Tmin/Tmax below the 10th (above the 90th) percentile is henceforth called the P10 (P90) index. The frequency of occurrence of cold (warm) events is thus measured by the P10 (P90) index.
Although these extremes can be relatively moderate, the choice of more selective thresholds leads to excessively high return periods, which substantially increase the number of zero-occurrences per winter and can bring about misleading results from statistical approaches. A comparison between observed and simulated thresholds revealed similar spatial patterns with minor biases in the percentiles over northeastern Europe (not shown). These biases essentially reflect some inaccuracies in the simulation of the mean fields (not shown). In order to account for these biases, thresholds are independently computed for the observed and simulated recent-past period.
The modes of the coupled variability were then identified by the maximum covariance analysis (MCA), which performs a singular value decomposition of the cross-covariance matrix between the anomalies of a pair of variables (von Storch & Zwiers 1999) . The singular patterns are correlation (covariance) maps between each standardized singular variable, and the respective raw field and loadings are thus dimensionless (anomalies per standard deviation [SD] of the singular variable). The daily anomalies are determined by subtracting the average, calculated for the full time period and for each gridbox, from the raw variables. They are then weighted (by multiplying the anomalies in each grid point by the square root of the respective latitude's cosine) in order to cope with the meridians' convergence.
RESULTS
Observed trends in temperature extremes
The trends in the occurrence of temperature extremes during the 1961-1990 period, for both Tmin and Tmax, are consistent with the widespread warming recorded over the last few decades (Tank et al. 2002) ; the frequency of occurrence of P10 extremes (cold events) decreased in a large number of gridboxes (Fig. 1a,c) while the frequency of occurrence of P90 extremes (warm events) tended to increase (Fig. 1b,d ). Furthermore, the high resemblance between the trends in Tmin and Tmax for the same type of extremes (P10 or P90) suggests that these variables have a parallel behaviour in response to climate change ( Fig. 1) . In fact, the distributions of Tmin/Tmax experienced a similar warming in their cold and warm tails.
The increase in occurrence of warm events is most noticeable along 2 strips that are joined over Portugal and diverge towards Greece and Russia (Fig. 1b,d ). The increase in the number of warm events is also more accentuated over maritime areas, whereas the decrease in occurrence of cold events follows a less defined pattern (Fig. 1a,c) . Nevertheless, some gridboxes over the Balkans, Turkey and the Middle East are in clear opposition to the prevailing trends; these regions actually did not experience a significant warming and, in some places, a cooling was recorded instead (Tank et al. 2002) .
Observed large-scale coupled variability
Most of these trends might be explained by changes in the coupled variability between the large-scale circulation and occurrence of extreme events. The pressure pattern of the leading coupled mode for both Tmax extremes clearly displays a NAO-like structure, with a phase opposition between the pressure near Iceland and near the Azores (Fig. 2a,c) . The occurrence of cold and warm events is thus strongly connected to the NAO forcing. The dominance of this mode in both indices is reflected by the high fractions of explained squared covariance (77% for the P10 index and 60% for the P90 index). The correlation coefficient between the first singular variable of the MSLP and the monthly mean GI index is as high as 0.88 (statistically significant at a confidence level of 99%) in both couplings, attesting to the linkage of this mode to the NAO. Furthermore, this leading coupling is almost unchanged when using the linearly de-trended datasets (not shown). In fact, this coupled mode accurately reflects the atmospheric dynamics and is not a mere statistical product attributable to the existing trends. The P10 pattern shows negative loadings across all of Europe (Fig. 2b) , particularly over southern and central Great Britain, Denmark and Southern Sweden, where the occurrence of extremely low temperatures is largely controlled by the NAO phase (negative loadings around 0.8). P10 extremes in Iberia, Greece and northern Scandinavia are less controlled by NAO. Generally speaking, the positive phase of the NAO significantly hampers the occurrence of cold events throughout Europe, while the negative phase provides favourable conditions for their occurrence.
Although the P90 pattern depicts a similar pattern, the occurrence of P90 extremes in several areas of southern and central Europe is much less controlled by the NAO than the occurrence of P10 extremes (Fig. 2c,d ). Therefore, despite preventing the occurrence of cold events throughout Europe, the positive phase of the NAO does not govern the occurrence of warm events over some parts of southern and central Europe.
Negative loadings over northern Greece and Bulgaria in both couplings mean that the positive phase of the NAO favours the occurrence of more moderate temperatures than during its negative phase. The signs of the loadings over the Middle East, Turkey and North Africa highlight that prevailing clear sky conditions during the positive phase of the NAO favour anomalously low temperatures, with more cold events and less warm events. Similar results were obtained for Tmin and for both indices (not shown). Therefore, in order to avoid redundancy in the presentation of results, more emphasis will be given to Tmax in the forthcoming analyses.
During the negative phase of the NAO, both the Azores high and the Iceland low are anomalously weak (negative patterns of Fig. 2a,c) and the midtropospheric flow over the North Atlantic splits into 2 well-separated branches: a meandering northern branch and a more zonal southern branch (Fig. 3a) , a characteristic regime of the North Atlantic blocking (Shabbar et al. 2001) . In this phase, cyclones often develop along the southern branch of the westerlies (positive vertical vorticity values in Fig. 3c ) and move towards Southern Europe. The cyclonic circulation over the Mediterranean Basin is clearly favoured by the negative phase of the NAO and the subtropical high is displaced southward. The cyclone-driven southerly wind components carry relatively warm air masses over many parts of southern Europe, particu- ) at 850 hPa for negative (left panels) and positive (right panels) phases of the first coupled mode in reanalyses and for the 1961-1990 period larly over western Iberia, southern Italy, the Balkans, Greece, Turkey and Ukraine (Fig. 3e) . The relatively weak winds over northern Europe favour radiative cooling and, in some cases, the easterly and northerly wind components transport cold air masses, resulting in further cooling (Fig. 3e) .
In the positive phase of the NAO, both the Azores high and the Iceland low are anomalously strong (positive patterns of Fig. 2a,c) . The mid-tropospheric jet stream follows a southwest-northeast path over the North Atlantic towards northern Europe (Fig. 3b) . As such, strong cyclones develop near the very south of Greenland and move towards Iceland and the Norwegian Sea (Fig. 3d) , while southern and central Europe are mainly exposed to anticyclonic circulation that deviates the storm tracks to the north. The cyclogenesis in the Mediterranean is also reduced. The Azores high is shifted northwards and linked to other anticyclonic areas over western and central Europe. Several studies actually showed that the number of extratropical cyclones in the Euro-Atlantic sector during the positive phase is clearly higher than during the negative phase (Rogers 1990 , 1997 , Gulev et al. 2002 . The strong westerly and southerly wind components over northern and central Europe carry warm air masses, particularly over southwestern Norway (Fig. 3f) . In contrast, the prevailing northerly wind components over several regions of southern Europe lead to cold advections.
The development of cyclones is commonly accompanied by the generation of clouds and precipitation that enable diabatic warming through latent heat release. On the contrary, anticyclones are often accompanied by clear skies and strong radiative cooling. Although these processes are not accounted for here, they may still be important in triggering regional temperature anomalies. For instance, the strong warm advections over northeastern Europe in the positive phase of the NAO (Fig. 3f) are reinforced by the release of latent heat in cyclonic developments. On the other hand, the prevailing settled weather conditions in the negative phase of the NAO leads to relatively strong radiative cooling, enhancing the negative temperature anomalies.
Despite the likely relevance of the latter physical mechanisms, the similarity between the composites of the temperature advections (Fig. 3e,f) and the coupling patterns (Fig. 2) highlights the key role of temperature advections in the establishment of the leading coupling. Hence, the occurrence of temperature extremes in Europe, particularly in its northern half, is clearly associated with NAO-driven anomalies in temperature advections.
The second coupled mode is still significant regarding the occurrence of both cold and warm events (Fig. 4) . Here again, due to the great resemblance between the patterns for Tmin and Tmax, only the patterns for Tmax are shown. This mode is unrelated to the NAO (correlation coefficients between the singular variables of the MSLP and GI index are roughly zero). The second order coupled mode for P10 extremes is weaker than for P90 extremes (10 against 22% of total explained squared covariance) and the first 2 modes cumulatively explain about 86 and 82% of the total squared covariance, respectively. The remaining modes reflect smaller scale features that might not be reliable, due to the relatively coarse grids and to the inherent properties of the statistical approach.
Besides the NAO forcing, the occurrence of cold events over Iberia and over the western and central Mediterranean is strongly related to the presence of blocking highs westward of the British Isles -i.e. the negative phase of the second coupled mode for the P10 index (Fig. 4a,b) -through the transport of cold air masses from northern and central Europe. Conversely, the occurrence of cold events over Scandinavia appears to be favoured by low pressure systems westward of the British Isles and relatively high pressures over Scandinavia. On the other hand, the occurrence of warm events over most of Europe, especially over southern and central Europe, is favoured by low pressure systems westward of the British Isles (Fig. 4c,d) .
The joint contribution of the first 2 coupled modes to the variability of each index can be measured by the local percentages of variance explained by these 2 modes. These fractions correspond to the square of the multiple determination coefficient of a bivariate linear regression model, where the first 2 singular variables are predictors of the index at each gridbox. The first 2 modes represent more than 20% of the total variance of both indices over almost all of Europe (Fig. 5) . Nonetheless, higher fractions (up to 70%) are clearly lined up along a southwest-northeast tilted strip that extends from northern Iberia to Russia. Other maximums emerge over the western and central Mediterranean. The insignificant contribution of these 2 modes for the variability in the occurrence of cold events in the eastern Mediterranean, Turkey and the Middle East is worth mentioning.
The chronograms of the singular variables of the first mode depict upward trends in both extremes and in both Tmin and Tmax (Fig. 6 ), which are supported by the strengthening of the positive phase of the NAO (Hurrell 1996) . The NAO forcing in the occurrence of temperature extremes and in their trends is confirmed by the high correspondence between the singular variables of both extremes and the corresponding singular variable of the MSLP. The high degree of resemblance between the coupled modes of the extremes in Tmin and Tmax is corroborated by the close variability of the respective singular variables. The upward trend in the singular variables of P10 implies a decrease (negative loadings in Fig. 2b ) in the frequencies of occurrence of cold events throughout Europe, which is in overall agreement with Fig. 1c . The upward trend in the singular variables of P90 implies an increase (positive loadings in Fig. 2d ) in the frequencies of occurrence of warm events over northern Europe and over the central and western Mediterranean, which is now in accordance with Fig. 1d . Therefore, the strengthening of the positive phase of the NAO -and of the leading large-scale coupling -triggered most of the trends in the occurrence of temperature extremes in Europe (Fig. 1) .
The strong variability of the singular variables is also noteworthy and is accentuated by some very pronounced extremes. For instance, the singular variable of the P90 extremes in Tmin reaches scores almost 4 times higher than the corresponding SD in December 1972 and February 1990; in the first month, positive anomalies in the monthly mean temperature, higher than 4°C, were recorded over northeastern Europe, whilst in the second month similar anomalies were recorded not only in this region, but also over central Europe and the western Mediterranean (not shown). The singular variable of the P10 extremes in Tmin also reaches a rather prominent negative score in January 1963; this month was anomalously cold all across Europe, especially over central Europe, with negative temperature anomalies higher than 6°C (not shown).
All the above mentioned trends are statistically significant according to the Mann-Kendall and Spearman tests (Sneyers 1975) applied at a significance level of 1%. Despite the slightly upward trends in the singular variables of the second mode (not shown), none of them are statistically significant. Lastly, the apparent skew of the singular variables can be attributed to the sporadic occurrence of very intense cold and warm outbreaks, which generate highly anomalous atmospheric conditions. The occurrence of winter temperature extremes in Europe is thus strongly related to the first 2 coupled modes, and their recent-past trends are mainly a result of the enhancement of the north-south pressure gradient in the Euro-Atlantic sector.
GCM simulated couplings and future scenarios
The pattern of changes in the winter mean Tmax gives clear proof of a strong projected warming throughout Europe (Fig. 7) . Moreover, the stronger radiative forcing in the A2 scenario relative to the B2 scenario is also noticeable. Under A2, the warming is especially intense over northeastern Europe, where increases higher than 8°C are predicted to occur, while northwestern Europe and the Mediterranean experience much lesser changes. No significant changes in SD were simulated under either emission scenarios, except over a few grid boxes in northeastern Europe (not shown). This means that the key factor for the increase in the occurrence of warm events is the increase in mean Tmax, while changes in the width of the distributions play an insignificant role. The strong warming over northeastern Europe throughout the 21st century, under B2 and A2 SRES emission scenarios, was also reported in previous studies that used HadCM3 as a global driving model in regional simulations (e.g. Giorgi et al. 2004 , Raisanen et al. 2004 .
Although the highest Tmax increases are found over northeastern Europe, the local relative relevance of these increases is offset by large variances. Conversely, comparatively small changes over several maritime regions, with low variances, can be quite significant. The changes in the frequency of occurrence of warm events thereby tend to be higher over maritime areas (not shown). This pattern is actually similar to the pattern of the trends in the recent-past period (Fig. 1d) , except over the Balkans and the Middle East, where the warm events are also projected to increase in future scenarios. This result supports the hypothesis that recently recorded trends are partially due to anthropogenic forcing. Even over continental areas and in the B2 scenario (weaker forcing), the mean P90 index undergoes absolute increases > 20%; an increase of 20% in the mean P90 index (with an average of 10% in the simulated common period in all grid boxes) signifies that the 90th percentile threshold in the recent-past period corresponds to the 70th percentile of the temperature distribution in the future period. Additionally, the warming leads to a near absence of cold events, which are thus dropped in the assessment of future changes. Similar results were obtained for Tmin (not shown). Hence, winter warming in Europe is manifested by an overall increase in both Tmin and Tmax, and the frequencies of occurrence of extremely high (low) values are projected to significantly increase (decrease) by the end of the 21st century.
The warming patterns reveal that the extra energy supplied by the enhanced greenhouse effect is unevenly distributed, which might be attributed to largescale couplings. In fact, both the highest loadings in Fig. 2d and the highest temperature anomalies in Fig. 7 tend to be located over northeastern Europe, which suggests that the NAO forcing may be responsible for the distribution of a large amount of this extra energy. Therefore, the reliability of the warming patterns critically depends on the ability of HadCM3 to reproduce the NAO forcing. Moreover, changes in the NAO forcing under modified climatic conditions can provide further insight into the climate change signal. It is thus important to not only assess the skill of HadCM3 in reproducing the aforementioned couplings, but also to investigate their likely changes under altered climates.
The simulated leading coupled mode for the P10 extremes in Tmax explains about 59% of the total squared covariance, against 77% in reanalyses. The MSLP pattern is skilfully simulated, apart from an underestimation of the anomalies in the northern COA (about 3 hPa SD -1
). This latter shortcoming is also detected in the NAO pattern itself (not shown) and is explained by the underestimation of the pressure variance over this region (not shown). In fact, HadCM3 is unable to accurately reproduce the observed variability of the daily MSLP fields in the Iceland low area (Santos 2005) . There are also significant differences in the pattern of the P10 index over the Mediterranean Basin when compared to reanalyses (Figs. 2a & 8a) . Therefore, the model presents some limitations in the simulation of this coupling, and this result decreases the significance of the projected changes in the P10 index.
The simulated leading coupled mode for the P90 extremes in Tmax (Fig. 8d) explains 62% of the total squared covariance (nearly the same as in reanalyses) and its patterns are in clear agreement with the corresponding patterns in reanalyses. Apart from the abovementioned deficiency in the simulation of northern COA in the MSLP pattern (Fig. 8c) , the P90 pattern reveals slight underestimations of the sensitivity of P90 extremes to the NAO phase (lower loadings) over some parts of the western and central Mediterranean (Fig. 8d) . The second coupled mode is also consistently reproduced (not shown). Therefore, HadCM3 is skilful in replicating the large-scale coupling for the P90 extremes, but is less able to do so in the case of the P10 extremes. However, due to the already mentioned sharp decrease in the occurrence of extremely low temperatures in the future, the coupling for the P10 index is of secondary relevance in the assessment of future changes. Therefore, the next step is the assessment of how the leading coupling for the P90 extremes is projected to change under human-induced radiative forcing. Due to the strong warming in both scenarios (Fig. 7) , the entire temperature distributions experience a significant shift to higher temperatures. In this manner, and in order to maintain the analysis focused on extreme events (cold and warm tails of the distributions), the percentile thresholds were recalculated for the future period and for each scenario separately. The leading coupled mode for the P90 extremes in Tmax under the B2 and A2 scenarios (2070-2099) is displayed in Fig. 9 . The eastward extension of the southern COA in the MSLP pattern is the most remarkable change under both emission scenarios (Fig. 9a,c) . The explained squared covariance increases in B2 (from 62 to 76%) and decreases in A2 (from 62 to 52%). The slight weakening of the NAO forcing in A2, which appears to be in contradiction with the strong changes in radiative forcing, is discussed in the next subsection (Section 3.4).
As a response to the projected changes in the largescale flow, the positive loadings in the P90 pattern and B2 scenario undergo an overall enhancement, particularly over northern Europe (Fig. 9b) . In the A2 scenario, they also experience a significant extension towards southwestern Europe (Fig. 9d) . The negative loadings over Iberia are projected to be replaced by positive loadings in the A2 scenario, which is a response to the displacement of the high pressure area from the North Atlantic towards the Mediterranean. Therefore, according to the analyzed scenarios, the Fig. 2 , but relating to the reference period simulated by HadCM3 (1961 HadCM3 ( -1989 positive phase of the 'modified NAO' is essentially favourable to the occurrence of warm events throughout Europe.
The results discussed in the previous paragraph suggest that the strength of the NAO forcing critically depends on the emission scenario as it responds non-linearly to the radiative forcing. A more detailed analysis revealed that changes in the temperature advections over Europe are coherent with changes in the patterns of the warm events (not shown). In this way, for a specific region, the connection between the occurrence of warm events and the NAO critically depends on the emission scenario. These findings hint at the high complexity and uncertainty involved in the assessment of future scenarios for temperature extremes.
The eastward extension of the southern COA is also apparent in the first empirical orthogonal function (suitable indicator of the NAO) of both the monthly and daily MSLP within the Euro-Atlantic sector (not shown). The projected changes in the leading coupling are thus plainly coherent with the changes in the characteristic pattern of the NAO and are definitely not due to a statistical artefact. In addition, the strong wintertime stratosphere-troposphere coupling (Perlwitz & Graf 1995 , Monahan et al. 2003 suggests that the projected changes in the NAO pattern in the lower troposphere must be accompanied by consistent changes in the upper tropospheric flow and in the stratosphere.
Troposphere-stratosphere interaction
The leading coupled mode between the geopotential height at 850 hPa (lower troposphere) and at 50 hPa (lower stratosphere) in the simulated recent-past period (Fig. 10a,b) is similar to the corresponding mode in reanalyses (not shown), which highlights the reliability of the simulated large-scale stratospheric and tropospheric flows. This mode uncovers a strong coupling between the strength of the stratospheric polar night jet (PNJ) and the NAO, and explains about 65% of total squared covariance between both atmospheric fields. It is also a clear expression of the Northern Annular Mode/Artic Oscillation (Thompson & Wallace 1998 , 2000a . The projected changes in the troposphere-stratosphere coupled system are highly consistent with the projected changes in the NAO and in the respective forcing over the occurrence of warm events (Figs. 9a,c & 10e,f) . Under the B2 scenario (Fig. 10c,d ), the PNJ undergoes major changes, including a large shift in the position of its coldcore towards eastern Siberia and a weakening of its strength over Europe. The southern COA of the NAO appears to experience an enhancement over the Mediterranean Basin and central Europe, leading to a northward displacement of negative anomalies over Northern Europe. Under the A2 scenario (Fig. 10e,f) , the strength of the PNJ over northern Europe increases (stronger meridional gradient in the geopotencial anomalies) and a deep ridge emerges over the continent. The southern COA appears to be split into 2 parts: one COA over the North Atlantic and another over the Mediterranean Basin. This mode explains about 56% (70%) in the B2 (A2) scenario, which is not a substantial change when compared to the recent-past period (65%). The enhancement of the positive COA in the low troposphere over the North Pacific is still remarkable, even though it has no direct effect on the occurrence of extremes in Europe.
It is still worth mentioning that the mean meridional gradient of the geopotential height (strength of mean PNJ) increases under both scenarios, particularly in A2. This enhancement is primarily as a result of an increase in the thickness of the 50-850 hPa layer over low latitudes (not shown), which may be related to an intensification of the wintertime differential warming between low and high latitudes as a result of the enhanced greenhouse effect.
Therefore, the PNJ and the troposphere-stratosphere coupling are stronger in A2 than in B2. However, the above-described split of the southern COA of the NAO in A2 (Figs. 9c & 10f ) leads a decrease in the absolute covariability between this modified oscillation and the frequencies of occurrence of warm events all across Europe. In fact, the NAO forcing is projected to undergo such a significant reshaping that its role in the explanation of total covariance decreases (from 62 to 52%) and the forcing over the occurrence of extremes weakens.
SUMMARY AND CONCLUSIONS
The occurrence of temperature extremes in Europe for both Tmin and Tmax were calculated for each winter month (DJF) on a daily basis. It was shown that during the reference period ) the number of cold events decreased and the number of warm events increased, which is a result of widespread warming recorded during this period. Even though trends in both Tmin and Tmax are largely similar, the trends in the occurrence of warm and cold events do not follow the same pattern. The upward trend in the number of warm events tends to be more pronounced over maritime regions, while the downward trend in the number of cold events is more spread out across Europe. Opposite trends were identified in the Balkans, Turkey and the Middle East. The spatial coherence of the trends is still noteworthy and their patterns are consistent with previous studies (Tank et al. 2002) . The simultaneous warming of the warm and cold tails of the distributions of daily minimum and maximum temperatures is in clear agreement with previous results obtained from station data (Tank & Konnen 2003 , Moberg & Jones 2005 . Much of this warming has also been related to anthropogenic emissions of greenhouse gases (e.g. .
The NAO forcing is the dominant influence on the occurrence of temperature extremes, in both cold and warm events and in both Tmin and Tmax. This forcing is particularly clear in northern Europe and in the western and central Mediterranean. This coupling is mainly due to strong anomalies in the large-scale advections that lead to anomalous daily temperatures and eventually to extreme events. On the whole, the positive phase of the NAO favours the occurrence of warm events in Europe, particularly over its northern half, whereas the negative phase of the NAO favours the occurrence of cold events over almost all of Europe. Furthermore, the enhancement of the NAO forcing during the reference period underlies the trends in the occurrence of temperature extremes in Europe.
The observed upward trend in the NAO index is not reproduced by HadCM3 in the recent-past period, which is also in agreement with previous findings (Collins et al. 2001) . According to this model, the mean temperature throughout Europe is projected to increase from 1°C up to more than 10°C by the end of the 21st century; this warming is particularly significant over northeastern Europe and under the A2 scenario. As a result of the increase in mean temperatures (changes in variance are irrelevant), the frequencies of occurrence of warm events are projected to sharply increase, which might have severe impacts on the environment and in numerous socio-economic systems. These extremes have particularly high impacts in agriculture and forest management, in the frequency of avalanches and snow-melting in mountainous areas like the Alps (Beniston 2005) , in the tourism industry, in the storm damage of forests favoured by early thawing of soils (Nilsson et al. 2004) , and in the frequency of temperature backlashes that may cause frost damage .
Nevertheless, the projected warming is also accompanied by significant changes in the general atmospheric circulation and in the stratosphere-troposphere coupled system, which are reliably simulated by HadCM3 (Collins et al. 2001) . The eastward extension of the southern COA of the NAO in the pressure pattern is the most remarkable change, which directly affects regional/local linkages between the occurrence of warm events and the NAO. On the whole, the eastward extension of the southern COA means that the positive phase of the future 'modified NAO' is likely to provide favourable conditions for the occurrence of warm events over almost all of Europe. This latter result is markedly different from the currently observed conditions over most of southern Europe.
The frequency of occurrence of extreme episodes critically depends on the large-scale circulation, constraining the reliability of impact studies to the reliability of the simulated large-scale circulation under modified climatic conditions. These outcomes stress the high complexity involved in the assessment of future climatic scenarios with regard to extremes. Although the present study is focused on HadCM3 data, it must be kept in mind that other models might still lead to different changes in the large-scale forcing. Nevertheless, there is evidence of a high consistency among several state-of-the-art models with respect to the strengthening of the Northern Annular Mode under radiative forcing (Rauthe et al. 2004) .
